Catalase is the major H 2 O 2 -scavenging enzyme in all aerobic organisms. From the cDNA sequences of three rice (Oryza sativa L.) genes that encode for predicted catalases (OsCatA, OsCatB, and OsCatC), complete ORFs were subcloned into pET21a and expressed as (His) 6 -tagged proteins in Escherichia coli. The recombinant (His) 6 -polypeptides were enriched to apparent homogeneity and characterized. With H 2 O 2 as substrate, the highest catalase k cat value (20 AE 1:71 Â 10 À3 min À1 ) was found in recombinant OsCatB. The optimum temperatures for catalase activity were 30 C for OsCatA and OsCatC and 25 C for OsCatB, while the pH optima were 8.0, 7.5, and 7.0 for OsCatA, OsCatB, and OsCatC respectively. All the catalases were inhibited by sodium azide, -mercaptoethanol, and potassium cyanide, but only weakly by 3-amino-1,2,4-triazole. The various catalases exhibited different catalase activities in the presence of different salts at different concentrations, OsCatC showing higher salt inhibitory effects than the two other OsCats.
Plant growth is affected by various environmental abiotic stresses, including hyper-and hypo-osmotic salt concentration, temperature extremes, drought or flood, and light levels. These abiotic stresses are major environmental factors that limit the worldwide productivity of agricultural crops and habitat colonization and the survival of given genotypes (and thus genetic diversity) in general. Temperature and salinity are major factors that significantly affect plant productivity in arid and semi-arid regions. 1) Exposure of plants to these abiotic stresses results in the production of reactive oxygen species (ROS) as byproducts, which damage cellular components.
2) ROS are also generated in plant cells during normal metabolic processes. 3, 4) ROS, in particular the superoxide radical (O 2 À ), the hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical (OH ), originate when one, two, or three electrons are transferred to dioxygen (O 2 ) respectively. ROS are toxic byproducts of various cellular oxygen consuming redox processes, such as photosynthetic, and respiratory electron transport. In organelles such as the mitochondria, chloroplasts, and peroxisomes, where a high level of electron flow or oxidizing metabolic activity is found, ROS are produced at very high rates. In electron transport chains, O 2 À is produced when molecular oxygen is incompletely reduced. In chloroplasts, changes in light intensity and temperature or limitations in the substrates of photosynthesis occur frequently, resulting in increased production of ROS. 4) In peroxisomes, major sites for ROS production, certain enzymes also remove hydrogen atoms from specific substrates using molecular oxygen in an oxidative reaction, producing H 2 O 2 , which can be eliminated by catalase, the first antioxidant enzyme to be discovered.
ROS can cause damage to DNA, proteins, lipids, chlorophyll, and almost every other organic constituent of the living cell. [5] [6] [7] [8] However, as well as acting as toxic compounds in the cell, they also act as mediators in the induction of stress tolerance, as well as in disease resistance. Thus, to detoxify ROS to prevent the stress tolerance or immune induction signal and response, which is debilitating or lethal to healthy cells, a highly efficient antioxidant defense system is present in all multicellular organisms, including plant cells. Plants have developed a series of enzymatic and non-enzymatic detoxification systems to counteract ROS and thus protect cells from oxidative damage. 9) Such antioxidants can be divided into two classes. The first consists of non-enzymatic constituents, including lipid-soluble and membrane-associated tocophenols, and water-soluble reductants such as ascorbic acid and glutathione. The second class consists of enzymatic constituents, such as superoxide dismutase (EC 1.15.1.1), catalase (EC 1.11.1.6), peroxidase (EC 1.11.1.7), ascorbate peroxidase (EC 1.11.1.11), and glutathione reductase (EC 1.6.4.2). 10) Catalases are one of the most important enzymes in degrading H 2 O 2 , and they are classified into three separatefamilies: 11) mono-functional catalases, bi-functional catalase-peroxidases, and non-heme manganese-containing catalases (Mn-catalases). The monofunctional catalases are the best characterized. They are homotetrameric, heme-containing enzymes.
Several studies have been devoted to the expression patterns, cloning and characterization of catalase genes in rice [12] [13] [14] [15] [16] and certain other plants, including wheat, 17) barley, 18) and maize. 19) To our knowledge, no studies on the physicochemical and kinetic properties have been published that deal with recombinant proteins encoded by catalase genes from rice. In this study, we expressed three likely catalase encoding genes (OsCatA, OsCatB, and OsCatC) from rice, Oryza sativa L. var. Nipponbare (subspecies japonica) in E. coli (Rosetta-gami) as recombinant chimeric (His) 6 -tagged proteins, and chary To whom correspondence should be addressed. Fax: +66-22185418; E-mail: nuchanat.w@chula.ac.th acterized each of the three recombinant (His) 6 -catalase proteins for catalase activity. Their kinetic parameters, as well as optimum pH and temperature values, were determined using H 2 O 2 as substrate. The activity of the three different recombinant (His) 6 -OsCat proteins under various salt concentrations and the inhibitory effects of various chemicals on their catalase activity were also evaluated, and are reported below.
Materials and Methods
Construction of plasmids and transformation of E. coli. The ORFs of rice catalase genes, OsCatA, OsCatB, and OsCatC were PCR amplified using their cDNAs (accession nos. AK065094, AK100019, and AK066378 respectively), obtained from the National Institute of Agrobiological Sciences (NIAS), Japan, as templates and the following synthetic oligonucleotides as forward and reverse primer respectively: OsCatA, 5 0 -ACTCATATGGATCCTTGCAAGTTCCGG-CCG-3 0 and 5 0 -GTTTGAATTCATGCTTGGCTTCACGTTGAG-3 0 ; OsCatB, 5 0 -CACCATATGGATCCCTACAAGCATCGGCCG-3 0 and 5 0 -GCCGGAATTCATGTTTGGTTTCAGGTTGAG-3 0 ; and OsCatC, 5 0 -TCACATATGGATCCCTACAAGCACCGCCCG-3 0 and 5 0 -ATCT-GAATTCATGCTCGGCTTCGCGCTGAG-3 0 . The forward primers were designed to engineer an NdeI restriction site (underlined) into the 5 0 end of the resulting amplicon, while the reverse primers engineered an EcoRI site (underlined) into the 3 0 end of the amplicon. PCR reactions were performed in a reaction that contained 1XNEB TermoPol buffer, 2.5 mM MgCl 2 , 50-100 ng of DNA template, 200 mM each of dNTP, 1 mM of each primer, and 5 units of Vent DNA polymerase (NEB, Ipswich, USA) with pre-denaturation at 94 C for 5 min and a PCR cycle with denaturation at 94 C for 3 min, various annealing at 57-66. 5 C for 1 min and extension at 72 C for 2 min. After the completion of 30 cycles, at the final extension step, 5 units of Taq DNA polymerase (Fermentas, Waltham, USA) were added, and the reactions were continued at 72 C for 7 min. The PCR amplicons were ligated into pTZ57R/T and then subcloned into pET-21a expression vector, with NdeI and EcoRI restriction. The recombinant plasmids were transformed into an E. coli expression host, Rosetta-gami. Insertion was confirmed by digestion with NdeI and EcoRI, and all inserted genes were verified by determination of their nucleotide sequences following DNA sequencing.
Sequence analysis. The sequences of the cDNA clones encoding the putative full length ORF of the potential O. sativa catalase genes, designated OsCatA, OsCatB, and OsCatC, were obtained from rice databases via the Rice Genome Annotation Project (RGAP) 20) and the Rice Annotation Project Database (RAP-DB) at NIAS. 21) DNA sequencing was carried out commercially at Macrogen (Seoul, Korea) by plasmid sequencing using flanking primers. Multiple sequence alignment of the consensus OsCatA-C nucleotide and deduction of OsCatA-C amino acid sequences, plus homologs from BLASTx and BLASTn searches of the National Center for Biotechnology Information (NCBI) GenBank database, were performed using ClustalW.
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Expression of recombinant OsCatA-C and preparation of inclusion bodies. A single selected colony (OsCat-pET21a transformed Rosettagami cells) was grown overnight at 37 C with shaking at 250 rpm. The culture was then diluted 1:100 into fresh LB-ampicillin medium and grown to an OD of 0.6 at 600 nm (about 3-4 h). Protein expression was induced by adding IPTG to the medium at final concentrations of 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mM, and incubation was continued for 3 h. Bacterial cells were harvested by centrifugation at 8;000 Â g for 10 min at 4 C, and the pellets were washed twice with cold SPB (20 mM sodium phosphate buffer, pH 7.4). The harvested cells were resuspended in cold lysis buffer (SPB plus 1 mM EDTA and 1 mM DTT) and sonicated on ice. Inclusion bodies were recovered by centrifugation at 27;000 Â g for 30 min at 4 C, and the supernatant was also kept for screening for the presence of catalase activity.
Protein purification and solubilization of inclusion bodies. The recovered inclusion bodies were washed once with SPB/1% v/v Triton X-100 and twice with SPB, and then resuspended in SPB, at pH 12. The resulting suspension was incubated with agitation for 12 h at 4 C and then centrifuged at 10;000 Â g for 10 min at 4 C. The supernatant samples were dialyzed against one change of 3 liters of lysis buffer overnight at 4 C. The dialysate (20 mL at 0.5-2.0 mg of total protein/mL) was then loaded on a Ni-Sepharose column (Poly-Prep Column, BioRad) pre-equilibrated with binding buffer (SPB plus 0.5 M NaCl and 30 mM imidazole), and gravity-eluted with the same buffer, but the imidazole concentration increased in a step gradient from 50 to 500 mM. Fractions, collected every 1 mL, were screened for catalase activity, and those that proved positive were pooled and desalted using lysis buffer 3 times at 4 C.
Protein assay, SDS-PAGE and Western blotting. Protein concentrations were measured by the method of Bradford, 23) with BSA as the standard protein for calibration. Proteins were separated by SDS-PAGE (12% w/v resolving gel) and stained with Coomassie Brilliant Blue G-250 staining solution. For Western blot analysis, proteins were resolved by SDS-PAGE as above, and then transferred to a Hybond-P PVDF membrane (GE Healthcare, Little Chalfont, UK) by TransBlot Ò Semi-Dry Electrophoretic (Bio-Rad). The membrane was then blocked overnight in PBS-TM (PBS (10 mM phosphate buffer, 150 mM NaCl, pH 7.4) with 5% w/v non-fat dried milk and 0.05% (v/v) Tween-20). After washing 3 times in PBS-T (PBS with 0.05% v/v Tween 20), the blot was incubated with mouse anti-His antibody (GE Healthcare, Little Chalfont, UK) (1:3,000 dilution) in PBS-TM buffer for 3 h with shaking at room temperature. After it was washed 3 times in PBS-T buffer, the membrane was incubated with alkaline phosphatase-conjugated rabbit anti-mouse immunoglobulin G (Jackson ImmunoResearch West Grove, PA, USA) (1:2,500 dilution) for 1 h with shaking at room temperature in PBS-TM, and then washed 3 times with PBS-T. Detection was done by the enhanced colorimetric detection method using NBT/BCIP (75/50 mg/mL) dissolved in 100 mM TrisHCl (pH 9.5), 100 mM NaCl, and 10 mM MgCl 2 as substrate.
Catalase activity assay and kinetic studies. To 1.2-mL of reaction mixture containing 50 mM potassium phosphate buffer (pH 7.5) and 50 mg of enzyme, H 2 O 2 was added to 12.5 mM (final concentration) to start the reaction. Catalase activity was assayed from the rate of H 2 O 2 decomposition (extinction coefficient, 39.4 mM À1 cm À1 ), as measured by the decrease in absorbance at 240 nm, at room temperature.
24) The kinetic constants, K m , V max , and k cat were determined by repeating the above assay, but with various H 2 O 2 concentrations in a range of 0 to 40 mM. The apparent kinetic constants were estimated from the x-and y-axis intercepts and the gradient of a Lineweaver-Burk plot.
Characterization of catalase. To investigate the effects of pH, the purified recombinant catalases were incubated for 10 min at room temperature in the various buffers prior to initiating the catalase assay. Catalase activity was measured within a range of pH 3.0-11.0 using 50 mM buffers as citrate-phosphate (pH 3.0-6.0), potassium phosphate (pH 6.0-7.5), Tris-HCl (pH 7.5-9.0), and carbonate (pH 9.0-11.0). For the effects of temperature, the standard reaction mixtures were preincubated at the optimum pH for the various proteins at the indicated temperatures (range, 20-70 C) for 10 min, and then they were assayed for catalase activity. To determine storage stability, purified recombinant catalases were stored in lysis buffer at room temperature, 4 C, or À20 C for 4 weeks. The remaining catalase activity was measured every week and was expressed as relative activity compared to that at the start (t ¼ 0, 100% activity).
Results and Discussion
Amino acid sequence analysis of OsCats Based on BLASTn and BLASTx homology-based database searches of the available genome and cDNA libraries, Oryza sativa was found to have at least three likely catalase genes, OsCatA, OsCatB, and OsCatC, encoding the predicted OsCatA, OsCatB, and OsCatC proteins respectively. Each cDNA consisted of a 1,476 bp ORF that encoded for a predicted 492 amino acid peptide (Fig. 1A) . Thus the molecular weights of the recombinant OsCatA, OsCatB, and OsCatC protein subunits, calculated on the basis of their predicted amino acid sequences, were 58.8, 58.7, and 58.9 kDa respectively. Multiple alignment of the three catalase amino acid sequences indicated that they had very high similarity, which relates to the fact that they shared similar enzymatic properties, including optimum pH and temperature as well as the effects of some inhibitors on their activity, as explained below. In higher plants, several different catalase subunits are encoded by a small multigene family, e.g., the two catalase isozymes found in wheat and barley and the three found in maize. A GenBank BLASTx search revealed that the predicted OsCatA, OsCatB, and OsCatC amino acid sequences showed homology to and high degrees of sequence identity and similarity to catalase genes from other higher plants, including those from wheat (Triticum aestivum; TaCat1 and TaCat2), maize (Zea Mays; ZmCat1, ZmCat2, and ZmCat3), and barley (Hordeum vulgare; HvCat1 and HvCat2), as shown in Table 1 .
Catalase is present in the peroxisomes, membranebound, microbody organelles that house various oxidation reactions in which toxic peroxides are generated as side products. Catalases in plants are associated mainly with the removal of H 2 O 2 in the peroxisomes. Analysis of the three catalase amino acid sequences from Oryza sativa revealed the peroxisomal targeting signal, similarly to catalases from other plants (Fig. 1A) . The three catalases from Oryza sativa are monofunctional rather than Mn-catalase or bifunctional catalase-peroxidase, because the former's primary structure shows a hemebinding region and a heme-binding site. In addition, Mn-catalases are present only in bacteria and catalaseperoxidases have been found only in prokaryotes and some fungi. 25, 26) Another feature that the three rice A B Fig. 1 . Sequence Alignment and Phylogenetic Analysis of Plant Catalases. A, Alignment of deduced amino acid sequence of catalases from Oryza sativa (OsCatA, OsCatB, and OsCatC; GenBank accession codes NP 001045673, NP 001058635, and NP 001048861 respectively), Triticum aestivum (TaCat1 and TaCat2; GenBank accession codes Q43206 and P55313 respectively), Zea mays (ZmCat1, ZmCat2, and ZmCat3; GenBank accession codes NP 001105415, NP 001105310, and AAA33441 respectively), and Hordeum vulgare (HvCat1 and HvCat2; GenBank accession codes P55307 and P55308 respectively). The putative hemebinding region and the heme-binding site are shown by light gray boxes and gray boxes respectively, and the peroxisomal targeting signal is underlined. Amino acid consensus is shown as follows:
Ã identical, : conserved, and . semi-conserved. B, Phylogenetic analysis of the three OsCat catalases based on deduced amino acid sequences. Phylogenetic tree of 10 homologous plant catalases, selected based upon homology BLASTx searches of the GenBank database. The NJ tree was inferred from the amino acid sequence alignment using the Clustal W program.
catalases shared with monofunctional catalases is inactivation of the enzyme by 3-amino 1,2,4 triazole, a specific inhibitor of monofunctional catalases (data given below).
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Production of recombinant OsCatA, B, and C proteins in E. coli
The three rice cDNA sequences that encoded for the putative catalase polypeptides were used to design PCR primers for amplification of the full length ORF and for engineering in the NdeI and EcoRI restriction endonuclease sites at the 5 0 and 3 0 ends of the amplicon, respectively. With the complete cDNA as template, the ORF of each of the three OsCat genes was then PCR amplified, cloned, and in-frame directionally subcloned into the pET21a expression vector as a C-terminal (His) 6 -tagged chimeric protein. E. coli Rosetta gami cells were transformed with each of the three OsCat genes cloned in pET21(a). In all three cases, the recombinant (His) 6 -OsCat proteins were found in the insoluble inclusion bodies and not in the soluble fraction of the host E. coli cells (data not shown). After recovery from the inclusion bodies, the recombinant (His) 6 tagged proteins were enriched by Ni-Sepharose column chromatography with OsCatA, OsCatB, and OsCatC, eluting at 200, 100, and 200 mM imidazole respectively (data not shown). They were enriched to apparent homogeneity, as determined by the presence of a single band of the expected size (about 59 kDa) seen after SDS-PAGE analysis (Fig. 2) and by Western blot analysis with an anti-His antibody (data not shown).
Recombinant OsCat catalase activities Assays for catalase activity of the three recombinant OsCat proteins after enrichment by Ni-Sepharose column chromatography revealed catalase activity for all three recombinant proteins. The highest specific activity (131.33 mmol/min/mg) was found for recombinant OsCatB, some 2.4-fold higher than that observed for OsCatA (54.17 mmol/min/mg). However, only weak activity (40.9-and 16.9-fold lower than those for OsCatB and OsCatA respectively) was observed under these conditions for OsCatC (3.21 mmol/min/mg). This clearly suggests that O. sativa has at least three catalase isozymes, since the OsCatA, OsCatB, and OsCatC genes encode for separate functional catalases. This is also confirmed by the fact that the three OsCat proteins are placed in different phylogenetic clades (Fig. 1B) .
Kinetic parameters
Characterization of the three purified recombinant (His) 6 -tagged catalases revealed that the kinetic parameters, K m , V max , and k cat , as derived with H 2 O 2 at pH 7.5 and at room temperature, were different among the three isozymes. The apparent kinetics parameter values of OsCatA, OsCatB, and OsCatC for H 2 O 2 were determined to be 80:0 AE 5:89, 66:7 AE 6:83, and 40:0 AE 2:45 mM respectively for K m ; 0:33 AE 0:03, 1:00 AE 0:13, and 0:03 AE 0:01 mmolÁmin À1 respectively for V max ; and 6:6 AE 0:37 Â 10 À3 , 20:0 AE 1:71 Â 10 À3 , and 0:5 AE 0:12 Â 10 À3 min À1 respectively for k cat . Thus the highest K m (OsCatA) was some 2-fold higher than the lowest (OsCatC), while V max and k cat also varied, being highest in OsCatB, some 3-and 30-fold higher than that in OsCatA and OsCatC respectively. The calculated k cat =K m values were 8:3 Â 10 À5 , 30:0 Â 10 À5 , and 1:3 Â 10 À5 for OsCatA, OsCatB, and OsCatC respectively. These results suggest that OsCatB is more efficient in scavenging H 2 O 2 than OsCatA or OsCatC, while OsCatC has the highest affinity for H 2 O 2 . As compared to the K m values of catalases from other plants such as wheat, Triticum aestivum L., which has two isoforms of catalase, CAT-1 and CAT-2, all OsCats have lower K m values. 28) Effects of pH and temperature on catalase activity The activities of the three recombinant rice catalases were assayed at various pHs and temperatures. The results indicated that the activity of all three catalases was affected by changes in pH and the temperature, but TaCat1  TaCat2  HvCat1  HvCat2  ZmCat1  ZmCat2  ZmCat3   OsCatA  -72  75  73  72  90  73  73  72  80  OsCatB  86  -84  82  92  73  92  94  80  67  OsCatC  87  93  -92  82  75  83  84  86  68  TaCat1  87  93  98  -81  73  81  82  85  67  TaCat2  86  97  92  92  -72  99  91  77  65  HvCat1  95  86  87  87  85  -72  73  72  80  HvCat2  86  97  93  93  99  85  -92  78  65  ZmCat1  86  98  93  92  97  85  97  -78  66  ZmCat2  84  90  94  94  88  84  89  88  -67  ZmCat3  87  80  81  81  79  86  80  80 80 -a homologs shown were selected on the basis of high amino acid sequence identity with at least one of the OsCat sequences following BLASTx-based homology searches against the NCBI GenBank data base. GenBank accession codes areas are given in Fig. 1 . to varying extents among the three proteins. They showed a sharp pH optimum at 7.0 for OsCatC, and slightly broader (slightly more alkali-tolerant) pH optima at 8.0 and 7.5 for OsCatA and OsCatB respectively (Fig. 3A) . No significant difference in relative catalase activity was observed in the different assay buffers at the same pH, and hence compounding buffer-dependent affects upon catalase activity can be excluded. These pH optima are broadly similar to that reported for a catalase from wheat germ (T. aestivum), which exhibited optimum activity at pH 7. 28) In contrast, some catalases exhibit a broad pH optimum, such as sweet potato and maize, with reported pH optima of 6.5-8.5 and 7.0-9.0 respectively. 19, 29) Here, no catalase activity was observed at moderate to strong acidic pH values for all three OsCat isozymes. Several other studies have found a broadly similar acid intolerance for plant catalases. 19, [29] [30] [31] Catalases are generally present around areas where H 2 O 2 is produced, so that escaping H 2 O 2 is degraded before it escapes entirely or accumulates and does considerable harm. Almost all aerobic cells and all multicellular organisms, have catalase, and in eukaryotes it tends to be concentrated in the peroxisomes (glyoxisomes), organelles that house many oxidization reactions and produce peroxides as toxic side products. The pH of peroxisomes is not precisely known, and might range from neutral (like the cytosol) to slightly alkaline, but in contrast to lysosomes, they are not acidic. Thus, that the catalases typically show optimal pH values around neutral to slightly alkaline, including the three OsCat enzymes in this study, but with no activity under either strong alkali or moderate to strong acid conditions, is plausible.
Regarding the effect of temperature, maximum relative enzyme activity was observed at 30 C for OsCatA and OsCatC and at 25 C for OsCatB (Fig. 3B ). Relative catalase activity was found to decrease gradually as the temperature increased, this thermoresistance varying among the three isomers. OsCatC showed significantly higher heat sensitivity than OsCatA or OsCatB, but it declined rapidly as the temperature of the 10-min treatment exceeded 30 C, and had no activity above 50 C, similarly to that reported for the catalase from papaya. 30) In slight contrast, OsCatA and OsCatB retained 50% residual catalase activity after 10 min at 50 C and 55 C respectively.
Storage stability
The stability of the recombinant OsCatA, OsCatB, and OsCatC proteins in aqueous storage was determined at room temperature (about 27-30 C), 4 C, and À20 C for 1 month. Samples were withdrawn every week to determine the catalase activity, and were expressed as residual activity compared to that without storage (t ¼ 0, 100% activity). When the enzymes were stored at 4 C, 6%, 15%, and 47% losses of catalase activity were observed after one week for the recombinant OsCatA, OsCatB, and OsCatC enzymes respectively. After 2 weeks of storage, OsCatA and OsCatB retained about 84% and 70% catalase activity respectively, while OsCatC showed a 100% activity loss. When the recombinant OsCatA, OsCatB, and OsCatC proteins were stored at room temperature, 73%, 56%, and 86% losses of catalase activity were observed after 1 week, and a total loss of catalase activity after 11, 12, and 8 d respectively (data not shown). As compared to wheat, in which its catalases stored at À20 C did not lose activity for at least 3 months, 28) OsCatA, OsCatB, and OsCatC showed a 72%, 79%, and 100% loss of catalase activity, respectively after only 1 month. These results suggest that rice catalases are less resistant to thermal denaturation than the previously characterized wheat catalases.
Effects of inhibitors on catalase activity
Typical monofunctional catalases are homotetramers containing four porphyrin heme (iron) groups that make it possible for the enzyme to react with H 2 O 2 . The catalase activity of these three recombinant OsCat isozymes was strongly inhibited by sodium azide, a known inhibitor of heme-containing catalases (Table 2) , and this is consistent with their predicted heme-binding regions and heme-binding sites (Fig. 1A) . In addition, catalase activity was completely lost when the recombinant proteins were incubated in the presence of 1 mM potassium cyanide, whereas 3-amino-1,2,4-triazole (3-AT) at 0.1 or 1.0 mM resulted in only marginal reductions in catalase activity in OsCatA and OsCatC and a small reduction in OsCatB. 3-AT is a specific inhibitor of CAT activity, both in vivo and in vitro, [32] [33] [34] but similar results as to the relatively weak sensitivity to 3-AT have been found for catalase isozymes isolated from Z. mays 11) and tobacco (Nicotiana sylvestris).
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A B Fig. 3 . Effects of pH and Temperature on the Catalase Activity of the Recombinant (His) 6 -Tagged OsCatA, OsCatB, and OsCatC Proteins.
The recombinant catalases were incubated in the reaction mixture at different pH values at room temperature (A) or at the indicated temperatures (B) for 10 min prior to initiation of the reaction. Catalase activity was measured in the reaction mixture, as described in ''Materials and Methods.'' Data are shown as mean AE SD, and were derived from three replicates.
According to Havir, 17) the differences in sensitivity to 3-AT might be related to modifications in the protein structure. In addition, thiol treatment, as by -mercaptoethanol, inhibited the activities of all three recombinant OsCat isozymes; >70% of catalase activity inhibition was detected after exposure to 1 mM -mercaptoethanol for 10 min. Thiol reagents interact directly with the heme groups in catalase or with amino acid residues in proximity to the heme groups, resulting in alterations of the conformational structure of the protein and consequently in critical alterations in enzyme activity. 35) Effects of various salts on recombinant OsCat activities Catalase activity was measured for each of the three recombinant OsCat proteins in the presence of various salts, and the results were expressed in terms of catalase activity relative to that determined in the absence of salts (Fig. 4) . The relative catalase activities of OsCatA and OsCatB gradually decreased under increasing salt concentrations, except for LiCl, for which, although activity decreased to 80-85% at 15 mM LiCl, it recovered as the LiCl concentration was increased further. At a low salt concentration (15 mM), OsCatA was inhibited only by LiCl and MgCl 2 (Fig. 4A) , while OsCatB was sensitive only to LiCl at this salt level (Fig. 4B) . In contrast, OsCatC was more tolerant of salts at low levels than OsCatA or OsCatB (Fig. 4C) , with no significant inhibition up to 60 mM (inclusive) for all tested salts. But in contrast to OsCatA and OsCatB, it was much more salt intolerant at levels of 125 mM and upwards. The relative catalase activity of OsCatC increased with 15 mM LiCl, and especially with 15-60 mM MgCl 2 , but then, as described above, it decreased significantly at higher concentrations, and was more sensitive to MgCl 2 and to LiCl at concentrations above 60 mM than to NaCl and to KCl. This is consistent with a report on the Halobacterium cutirubrum catalase, which reached optimal activity at a low or intermediate salt concentration, and declined in activity at a high concentration. 36) Each enzyme has a different optimal salt concentration. Inorganic ions can bind to some of the ionic side chains of a protein. This kind of interaction, although not affecting the three-dimensional shape of the enzyme in a substantial manner, might make it easier for a substrate molecule to locate or bind to the active site of the enzyme. It can either increase or decrease its activity. Thus the presence of the ion at different concentrations can alter the rate of the reaction. Catalase activity in the presence of the indicated concentrations of NaCl, KCl, LiCl 2 , and MgCl 2 was evaluated for recombinant (A) OsCatA, (B) OsCatB, and (C) OsCatC proteins as described in ''Materials and Methods.'' Activity in the absence of salt was set at 100%, and the other values are reported relative to that. Data are shown as mean AE SD, and were derived from three replicates.
Overall, the three OsCats exhibited similar properties including kinetic parameters, optimal pH and temperature, and the effects of various inhibitors, which reflects the remarkably high degree of amino acid identity (72-84%) (Table 1) shared by these proteins. In contrast, OsCatC displayed slightly different storage stability and effects of various salts from OsCatA and OsCatB, and this cannot be explained by close inspection of the slight differences in their primary structures. More studies, as on site-specific mutagenesis in their primary structures, are needed to pinpoint which parts of the enzymes account for these differences.
Although these three catalases exhibited no significant difference in enzymatic properties and are predicted to have the same subcellular localization, they show different expression patterns in the rice plant. CatA is highly expressed in young leaves and seeds, while CatB is predominantly expressed in seeds and CatC is highly expressed in mature leaves (data not shown). 37) These observations suggest that their in vivo functions are not redundant. Further investigation of knock-out mutants should confirm their functions.
